In this paper we propose a very simple procedure for the design and analysis of low-pass and high-pass wave digital filters derived from reference filter given in the lattice configuration. Wave Digital Filters derived from reference filter in lattice configuration can be designed with excellent pass band properties. They can be proposed and implemented without the knowledge of classical filter theory. In this paper we present tables for Butterworth, Chebychev and Elliptic low-pass filter design.
INTRODUCTION
Wave digital lattice filters are derived from LC-filters. The reference filter consists of parallel and serial connections of several elements. Since the load resistance R L is not arbitrary but dependent on the element or source to which the port belongs, we cannot simply interconnect the elements to a network. The elements of the filters are connected with the assistance of serial and parallel adapters. These adapters in the discrete form are connected in one port by delay elements. The possibility of changing the port resistance can be achieved using parallel and serial adapters. These adapters contain the necessary adders, multipliers and inverters. In this paper we use adapters with three ports. The block of the serial and parallel adapter and theirs signal-flow diagram are shown in figures 1 and 2. (Fettweis, 1973) The coefficient of the 3-port reflection-free serial adapter in figure 1A ) is calculated from the port resistances R i i=1,2 by equation (1). (Fettweis and Meerkoetter, 1975 )
The coefficient of the reflection-free parallel adapter in figure 1B ) can be calculated from the port conductances G i i=1,2 by eq. (2).
Figure 1: A) Three port serial adapter whose port 3 is reflection-free and its signal flow-graph, B) Three port parallel adapter whose port 3 is reflection-free and its signal flow-graph.
The coefficients of the dependent parallel adapter in the figure 2B) can be get from the port conductances G i i=1,2,3 by eq. (3)
Figure 2: A) Three port serial dependent adapter and its signal flow-graph, B) Three port parallel dependent adapter and its signal flow-graph.
The coefficient of the dependent serial adapter in the figure 2A ) can be obtained from the port resistances R i i=1,2,3 by (4)
When connecting adapters, the network must not contain any feedback loops without a delay element in order to guarantee that the structure is realizable. This means that we cannot connect the dependent adapters from figure 2A ) and 2B). The three-port dependent parallel adapter is reflection free at port 3 if G 3 = G 1 + G 2 and three port dependent serial adapter is reflection free if R 3 = R 1 + R 2 .
EXAMPLES
In this part we shall demonstrate in the examples calculation of the low-pass and high-pass wave digital filter. The most important components for the realization of wave digital filters according to the Fettweis procedure are the ladder LC filters. The tables for wave digital structures was designed for the corner frequency f 1 = 1/(2·π) = 0.159155 and sampling frequency f s = 0.5
Realization of the Low-pass Filter
In the first example we shall realize Butterworth lowpass of the 5 th order and A max = 3dB. In the figure 3 we show the structure of a 5 th order ladder LC reference Butterworth filter and its corresponding block connection in the digital form.
First we must calculate from FIG. 3 wave port resistances R 1 , R 2 , R 3 , R 4 , and finally the coefficients of the parallel and serial adapters A 1 , B 2 , A 3 , B 4 and the coefficients of the dependent parallel adapter A 51 , A 52 according to equations (1)-(3).
The program for the analysis of the wave digital filter of the 5 th. order written in MATLAB follows, and the frequency response obtained by MATLAB is presented in the figure 4. The equation in the program for computing XN1-XN4, BN4-BN1, N1-N9 and YN(i) was received from the structure in the XN4=XN3+N8; BN4=XN4-A51*XN4+2*N10-A51*N10-A52*N10; BN3=XN3-B4*XN4-B4*BN4; BN2=XN2-A3*XN2+BN3+N6-A3*N6; BN1=XN1-B2*XN2-B2*BN2; N1=XN*A1-A1*N2+BN1; N3=BN1+BN2; N5=-A3*XN2-A3*N6+BN3; N7=BN3+BN4; N9=-A51*XN4+N10-A51*N10-A52*N10; YN(i)=-A51*XN4+2*N10-A51*N10-A52*N10 N2=N1; N4=N3; N6=N5; N8=N7; N10=N9; XN=0; end [h,w]=freqz (YN, 1, 50) plot(w,20*log10(abs(h)))
Design of the Low-pass and High-pass Chebychev Filter
In the second example we shall propose low-pass and high-pass Chebychev WDF for n=5, A max = 3 dB. From the table 4 we get the values of the WDF A 1 = 0.223, B 2 = 0.226, A 3 = 0.182, B 4 = 0.192, A 5,1 = 0.383 and A 5,2 = 0.360. Using previous MAT-LAB program we obtain the attenuation of the Chebychev filter presented in the Fig. 6 . High-pass we get by changing in the preceding program N2=-N1, N4=-N3 N6=-N5, N8=-N7 and N10=-N9.
Realization of the Low-pass Cauer WDF
In the figure 7 the structure of the 5 th order ladder LC reference Cauer low-pass filter is shown. The values of the LC filter was obtained from the table C 0550 for Θ = 30 o for A max = 1.2494 dB, A min = 70.5 dB and Ω s = 2.0000 (Saal, 1979) . Parallel resonant LC circuits in the low-pass filter Fig. 7 will be realized by digital structure according the Fig. 8 .
With the assistance of the following MATLAB program we can calculate coefficients of the WDF A 1 , B 2 , A 3 , B 4 , A 51 and A 52 . The attenuation of the lowpass Cauer filter is presented in Fig. 9 . The program was obtained from the structure in the Fig. 10 . The input data of the LC filter was obtained from the catalog of the Cauer filter (Saal, 1979) . C(4)=0.257662; XN=1; N2=0; N4=0; N6=0; N6=0; N8=0; N10=0; N12=0; N14=0; G(1)=1; High-pass can be obtained by changing in program N2=-N1, N4=-N3 N6=-N5, N8=-N7, N10=-N9, N12=-N11, N14=-N13. In the Fig. 9 the attenuation of low-pass and high-pass filter are presented.
Realization of Wave Digital Filters in DSP C6711 by Simulink
The simulink model showed in Figure 11 corresponds to the realization of a wave digital filter application on TMS320C6711 DSK using Embedded Target for Texas Instruments TMS320C6000 DSP Platform. The model of the WDF was created by means of serial and parallel block that were added to the window Simulink Library Browser between Commonly Used Blocks. In the input and output of the WDF were added ADC and DAC convertes of the TMS320C6711 that are in the window Simulink Library Browser, Embedded Target 
CONCLUSIONS
Though the structure of the wave digital filter is more complicated than other structures, the algorithm for implementation on the DSP is very simple and it is very easy to propose the general algorithm for the arbitrary order of the filter. These structures are not so sensitive to the error of quantization as other types of the filters. With small modification of the presented programs can be created another tables of the WDF. The parts of the programs can be utilized for implementing of the wave digital filters in digital signal processors DSP.
APPENDIX Tables of the Wave Digital Filters Tables of the Butterworth Wave Digital Filters
In the Fig. 14 is the tolerance scheme of the Butterworth filter and in the Fig. 15 is the structure of the Butterworth Wave Digital Filter (WDF).
The structure is created by cascade connection of the parallel and serial adapters. If at the begin is parallel reflection free adapter, at the end of the structure in case n odd must be connected parallel dependent adapter in order to realize load resistance R L . In case n even at the end we have to connect serial dependent adapter.
In the table 2 are the elements of the Butterworth WDF for various attenuation A max in the passband. A i and B i are the coefficients of the parallel and serial adapters respectively. 
Tables of the Chebychev Wave Digital Filter
In Fig. 16 is the tolerance scheme and the attenuation of the the Chebychev filter. The structure of the Chebychev wave digital filters is demonstrated in the Fig. 17 . This structure is created by connection of the parallel and serial adapters terminated at the port 3 with delay element. At the end of the structure must be connected parallel dependent adapter to realize for n odd load resistance R L = 1. In table 4 are the elements of the Chebychev WDF for various attenuation A max in the passband and order filter n=5. The tables was designed for sampling frequency f s = 0.5.
Tables of the Cauer Wave Digital Filters
In the Fig 18 is must be terminated with parallel dependent adapter. In the tables 5 and 6 are the elements of the Cauer WDF for various attenuation A max in passband and sampling frequency f s = 0.5. In the next section we shall demonstrate in the examples calculation of the Wave digital low-pass and high-pas filters. 
